Multiple nanosecond electric pulses increase the number but not the size of long-lived nanopores in the cell membrane  by Pakhomov, Andrei G. et al.
Biochimica et Biophysica Acta 1848 (2015) 958–966
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemMultiple nanosecond electric pulses increase the number but not the size
of long-lived nanopores in the cell membraneAndrei G. Pakhomov a,⁎, Elena Gianulis a, P. Thomas Vernier a, Iurii Semenov a, Shu Xiao a,b, Olga N. Pakhomova a
a Frank Reidy Research Center for Bioelectrics, Old Dominion University, Norfolk, VA, USA
b Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, VA, USAAbbreviations: DIC, differential-interference contra
pulse(s); PMT, photomultiplier tube; Pr, propidium
⁎ Corresponding author at: Frank Reidy Research Cente
Way, Suite 300, Old Dominion University, Norfolk, VA 235
+1 757 6838003; fax: +1 757 4511010.
E-mail addresses: 2andrei@pakhomov.net, apakhomo@
http://dx.doi.org/10.1016/j.bbamem.2014.12.026
0005-2736/© 2015 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 14 August 2014
Received in revised form 4 December 2014
Accepted 29 December 2014
Available online 10 January 2015
Keywords:
Nanosecond pulses
Electroporation
Electropermeabilization
Nanopores
nsEP
Membrane permeabilityExposure to intense, nanosecond-duration electric pulses (nsEP) opens small but long-lived pores in the plasma
membrane. We quantiﬁed the cell uptake of two membrane integrity marker dyes, YO-PRO-1 (YP) and
propidium (Pr) in order to test whether the pore size is affected by the number of nsEP. The ﬂuorescence of
the dyes was calibrated against their concentrations by confocal imaging of stained homogenates of the cells.
The calibrations revealed a two-phase dependence of Pr emission on the concentration (with a slower rise
at b 4 μM) and a linear dependence for YP. CHO cells were exposed to nsEP trains (1 to 100 pulses, 60 ns, 13.2
kV/cm, 10 Hz) with Pr and YP in the medium, and the uptake of the dyes was monitored by time-lapse imaging
for 3min. Even a single nsEP triggered amodest but detectable entry of both dyes, which increased linearlywhen
more pulseswere applied. The inﬂux of Pr per pulsewas constant and independent of the pulse number. The inﬂux
of YP per pulse was highest with 1- and 2-pulse exposures, decreasing to about twice the Pr level for trains
from 5 to 100 pulses. The constant YP/Pr inﬂux ratio for trains of 5 to 100 pulses suggests that increasing the
number of pulses permeabilizes cells to a greater extent by increasing the pore number and not the pore diameter.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Uptake of propidium (Pr) by cells exposed to intense, pulsed electric
ﬁelds is among themost commonmethods for revealing cell membrane
permeabilization [1–16]. This dye is essentially non-ﬂuorescent in the
extracellular medium, but the emission increases 20- to 30-fold
upon entering cells and binding to nucleic acids [17]. In contrast to
conventional electroporation with milli- and microsecond electric
pulses, early studies with nanosecond electric pulses (nsEP) reported
diverse cellular effects (calcium activation, apoptosis, swelling, and
phosphatidylserine externalization) that occurred in the absence of
detectable Pr uptake [18–23] or only with a delayed (secondary) Pr
uptake [18,23,24]. These results were interpreted as a proof of a direct
intracellular impact of nsEP, consistent with theoretical predictions [1,
22,25,26]. However, later studies demonstrated permeabilization
of the cell membrane exposed to nsEP by measuring its electrical
conductance [10,15,27,28], the uptake of Tl+ [6,17], Ca2+ [29–31],
water [4,10], and YO-PRO-1 (YP) dye (which is smaller than Pr) [21,
32]. These data suggested that pores formed by nsEP are permeable tost; nsEP, nanosecond electric
r for Bioelectrics, 4211Monarch
08, USA. Tel.: +1 210 2049012,
odu.edu (A.G. Pakhomov).smaller solutes but not to Pr. Hence, nsEP-opened pores were thought
to be smaller than about 1.5 nm, which is the estimated minimum di-
ameter for the passage of Pr2+ cation [6]. At the same time, a recent
study reported permeabilization of cells to bleomycin, amolecule larger
than Pr, by 10-ns pulses at 40 kV/cm [33].
An independent and arguably more accurate approach for estima-
tion of the pore size is based on the blocking of colloid-osmotic cell
swelling [4,34]. In brief, only small, pore-permeable solutes leak out of
electroporated cells, whereas larger molecules remain trapped in the
cell. Concurrently, small solutes from the extracellular medium enter
the cell down the electric and/or concentration gradients. The osmotic
pressure inside (small solutes plus trapped large solutes) exceeds the
outside pressure, leading towater uptake and cell swelling. This process
can be blocked, and swelling turned into shrinking, by replacing small
solutes outside the cell with larger ones which do not pass into the
cell through nanopores. “Titrating” the blocking of cell swelling with
sugars and polyethylene glycols of different sizes has set the average
diameter of pores opened by 60- and 600-ns pulses at 0.9–1.3 nm [4],
consistent with dye uptake ﬁndings. Finally, recent in silico modeling
of nsEP effects predicts the formation of large numbers of nanometer-
sized pores both in the plasma membrane and in internal cell
membranes, termed “supraelectroporation” [35].
With that said, pore populations are not necessarily uniform, so
individual pores can experience stochastic (thermal) size ﬂuctuations
and become Pr-permeable. Intense nsEP treatments make Pr uptake
detectable [12,13,18,26], although it remains orders of magnitude
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Pr inﬂux through nsEP-opened pores should also be distinguished
from a downstream, massive, delayed Pr entry due to membrane
rupture in swollen cells [36,37], or due to Ca2+-mediated secondary
pore opening or enlargement [38].
Pr entry after intense nsEP treatments could result from increasing
either the pore size or the pore number, or both. In the case of the
size increase, pores will likely lose the salient features of nanopores,
such as voltage and current sensitivity and ion selectivity [14,15].
Alternatively, producing larger numbers of long-lived nanopores with-
out changing their permeability could be an attractive tool both for bio-
physical studies of nanopore properties and for biotechnological
applications.
In this study, we evaluated pore size by comparing the inﬂux of two
dye molecules of different size, namely, YP and Pr. We used stained
homogenates of lysed cells and confocal imaging to calibrate the
ﬂuorescence intensity against dye concentration. We found that YP
ﬂuorescence is linearly proportional to dye concentration, whereas Pr
ﬂuorescence is linear only down to 4 μM and disproportionally reduced
at lower Pr concentrations. This “lag” hampers the detection of low Pr
levels and can explain, at least in part, why many studies with nsEP
report no detectable Pr entry. After the correction of ﬂuorescence data
by the calibrations, we found that (a) uptake of both YP and Pr increases
linearly with pulse number, and (b) the molecular ratio of YP and Pr
uptake is constant and independent of the pulse number (at least for 5
to 100 pulses). These data are consistent with increasing the long-
lived nanopore population without changing the size or permeability
of individual pores.
2. Materials and methods
Cell culture methods, nsEP generation and delivery to cells,
dosimetry, and image acquisition and processing were essentially the
same as reported earlier [6,15,37,39] and will only be described in
brief here. A novel method of calibrating the emission of DNA stains
against their concentrations is introduced and discussed in Section 3.2.
2.1. Cells and media
CHO-K1 cells (Chinese hamster ovary) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and propagat-
ed as described elsewhere [6,37]. For the passage immediately
preceding experiments, cells were transferred onto glass coverslips
pretreated with poly-L-lysine to improve adhesion. The media and its
components were purchased from Mediatech Cellgro (Herdon, VA)
except for the serum (Atlanta Biologicals, Norcross, GA).
2.2. Cell imaging
A cover slip with cells was transferred into a glass-bottomed
chamber (Warner Instruments, Hamden, CT) mounted on an Olympus
IX81 inverted microscope equipped with an FV 1000 confocal laser
scanning system (Olympus America, Center Valley, PA). The chamber
was ﬁlled with a buffer composed of (in mM): 136 NaCl, 5 KCl, 2
MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.4), with the addition
of 5 μg/ml (7.5 μM) of Pr iodide and 1 μM of YP iodide. This ratio of
concentrations was established empirically in order to account for the
different brightness of the dyes, to enable their reliable detection, and
to minimize the chance of quenching (see Section 3.2). The same
concentrations are commonly used in membrane permeabilization
studies with these dyes. For one experiment illustrated in Fig. 2, the
buffer contained 43 μg/ml of Pr and no YP.
The buffer osmolality was at 290–300mOsm/kg, asmeasuredwith a
freezing pointmicroosmometer (Advanced Instruments, Inc., Norwood,
MA). The chemicals were obtained from Sigma-Aldrich (St. Louis, MO)
and Invitrogen (Eugene, OR).Images were acquired with a 40×, NA 0.95 dry objective. YP and Pr
were excited at 488 and 543 nm, and the emission was collected at
505–525 nm and 560–660 nm, respectively. The lasers were operated
in a line sequence mode to avoid the “cross-talking” of the dyes.
The sensitivity of emission detectors (photomultiplier tubes, PMT)
was chosen individually for different sets of experiments. For those
summarized in Fig. 1, the sensitivity was relatively low, to cover a
broad range of Pr uptake with possible pixel saturation only in
digitonin-permeabilized cells. For Fig. 2, the PMT sensitivity was tuned
as indicated in the ﬁgure legend. For experiments in Figs. 3–6 and 8,
the sensitivitywas set constant at the highest levelwhich still prevented
pixel saturation after themost intense nsEP treatment (100 pulses). Ex-
periments presented in Fig. 7 were performed separately from the rest
of the study and utilized somewhat different laser and PMT settings;
calibrations shown if Fig. 3 do not apply to these data.
Stacks of images captured before and after pulsing (in most experi-
ments, at regular 10-s intervals) were quantiﬁed with MetaMorph
Advanced v.7.7.10.0 (Molecular Devices, Foster City, CA).
2.3. nsEP exposure and dosimetry
The exposure procedures were similar to those described recently
[6,15,39,40]. Nearly rectangular 60- or 600-ns pulses were generated
in a custom-made transmission line circuit. The electrical energy was
stored in an RG 58 (50 Ohm) coaxial cable and released in a pulse
upon closing of a fast MOSFET switch (DE275-102N06A). The duration
of the electric pulse equaled the round-trip time of the electromagnetic
wave in the coaxial cable and therefore was proportional to the length
of the cable. The amplitude of nsEP generated in this transmission line
and measured across a matched 50 Ohm load was about one half of
the charging voltage. The amplitudes and shapes of nsEP were captured
andmeasuredwith a TDS 3052 oscilloscope (Tektronix, Beaverton, OR).
The nsEP rise time (10 to 90%) was 3.4 and 6.2 ns for 60- and 600-ns
pulses, respectively. The shape of a 60-ns pulse is illustrated in Fig. 1C
(inset).
Pulses were triggered externally by a TTL pulse protocol using
Digidata 1322A board and Clampex v. 10.2 software (Molecular Devices,
Sunnyvale, CA). The nsEP repetition rate, the number of nsEP, and the
synchronization of nsEP exposure with image acquisitions were all
programmed in pClamp.
Throughout this paper, the reported time intervals between nsEP
and imaging are those between the onset of exposure and the onset of
image acquisition. It should be kept inmind that each image acquisition
could take up to 5 s, and nsEP exposures could take up to 10 s (depend-
ing on the number of pulses).
Pulses were delivered to a selected cell (or a group cells) with a pair
of tungsten rod electrodes (100 μmdiameter, 100 or 175 μmgap) driven
by a robotic manipulator (MP-225, Sutter Instruments, Novato, CA). The
electrodes were positioned precisely at 30 or 50 μm above the coverslip
surface at a 40o angle to it. Selected cells were in the middle of the gap
between the tips of the electrodes. The cells were randomly oriented
with respect to each other and the electrodes; we did not notice any
consistent impact of cell orientation or size on the effect of nsEP. For
sham exposures, all procedures were identical, but no pulses were
triggered.
The electric ﬁeld at the cell location between the electrodes was
determined by 3D simulations as described earlier [15], with a ﬁnite-
element Maxwell equation solver Amaze 3D (Field Precision, Albuquer-
que, NM). The calculations use a Laplace equation and are based on an
electrostatic model (either dielectric or conductive). For bath buffer
resistivity on the order of 100 Ω⋅cm, a dielectric relaxation time
would be on the order of 1 ns. Since the nsEP durationwasmuch greater
than the relaxation time, we disregarded dispersive properties of the
medium [41] and used the conductive model. A closed, grounded
boundary using the Dirichlet condition was set 10 times gap distance
away from the nsEP-delivering electrodes. The grid size was chosen at
A C
B
Fig. 1. Propidiumuptake triggered by sequential nsEP treatments (vertical dashed lines in A and B) ismodest compared to cell permeabilization by digitonin (A). Panel B shows the samedata
as panel A, but on a 50-fold expandedvertical scale. All exposures arewith 60nspulses delivered at 12 kV/cm, 10Hz; thenumber of pulses is indicated in the labels (“1p,” “5p,” etc.). Themean
effect of digitonin was taken as 100%. CHO cells, n=38, mean± SE. Panel C shows the dye uptake by each of the exposures, measured as a difference in emission immediately prior to each
exposure and at 30 s after it. All changes (except the drop after 1 pulse) are statistically signiﬁcant at least at p b 0.01 (one-sample t-test). The inset shows the shape of a 60-ns pulse.
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the modeled electric ﬁeld with an analytical solution for a canonical
electrode conﬁguration (a two-cylinder electrode submerged in the
bath buffer medium).
A similar nsEP delivery setup, with the onlymajor difference being a
bend at the end of delivering electrodes (to make them parallel to the
coverslip), has recently been characterized in great detail [42].3. Results
3.1. Pr uptake can be detected near the threshold of cell permeabilization
by nsEP
These experiments were intended to test whether Pr uptake is
indeed triggered by only the most intense nsEP treatments, or whether
it also occurs near the threshold of cell permeabilization.Whilemultiple
studies reported “the lack of Pr uptake,” this could actually mean the
“lack of detectable uptake” when the measuring devices (such as ﬂowDIC
PMT 550V
PMT 800V
PMT 900V
PMT 900V
Kalman filter
Digitally enhanced
control 1 p 5 p
Fig. 2. Effect of detector sensitivity on the detection of propidium uptake after nsEP exposures (6
and again to 50 pulses (as indicated in the legends) and then permeabilized with 0.04% digiton
interference contrast (DIC) images. Next rows: propidium ﬂuorescence recorded at different ph
noise ﬁltering (n= 3) and digitally enhanced. Note that propidium entry can be detected eve
detection.cytometers and ﬂuorescence microscopes) were routinely adjusted for
the detection of cells which are fully permeable to Pr (e.g., dead cells).
In the ﬁrst set of experiments, CHO cells were subjected to sequen-
tial nsEP exposures (60 ns, 12 kV/cm, 10Hz) at 40-s intervals, starting
with a single pulse and increasing the number of pulses per exposure
to 50 (Fig. 1A). At the end of the experiment, cells were permeabilized
by the addition of digitonin, and the average post-digitonin Pr emission
was taken as 100%. Fig. 1A shows that even after 86 nsEP
(1 + 5 + 10 + 20 + 50), the entry of Pr was essentially at zero when
compared to digitonin. However, a simple expansion of the vertical
scale reveals a minuscule but reproducible Pr entry already after 5 and
10 pulses (0.036 ± 0.012% and 0.11 ± 0.016%, respectively, p b 0.01;
Fig. 1B, C). In Section 3.3 (Fig. 6), we show signiﬁcant uptake of both
Pr and YP (p b 0.01) after a single 60-ns pulse at 13.2 kV/cm, which is
essentially at the threshold for Ca2+ entry [30].
Confocal imaging at the highest detector sensitivity narrows the
measurement range but enables the detection of intracellular Pr even
when its ﬂuorescence is weaker than in the medium (Fig. 2). Pr entry
could be visualized after a single 600-ns pulse at 3.75 kV/cm (Fig. 2,PMT 
overload
PMT 
overload
PMT 
overload
PMT 
overload
PMT 
overload
50 p 50 p digitonin
00 ns, 3.75 kV/cm, 1 Hz). From left to right: The cells were exposed sequentially to 1, 5, 50,
in. The images were taken at about 3 min after each nsEP exposure. Top row: differential-
otomultiplier tube (PMT) voltages. Images in the bottom rowwere obtainedwith Kalman
n after a single nsEP, although at the expense of greatly narrowing the dynamic range of
Fig. 3. Calibration of the emission of propidium (left panel) and YO-PRO-1 in CHO cell lysate. The dyes were added to the lysate at different concentrations but at a constant molar ratio of
7.5. The concentrations are shownboth in μMand inmolecules per μm3. TheDNA content in the lysateswas from0.6 to 2.4mg/ml, as shownby different symbols. Solid lines show the best
ﬁts which were used for calculations in Figs. 5 and 6. See text for more details.
961A.G. Pakhomov et al. / Biochimica et Biophysica Acta 1848 (2015) 958–966bottom), which is close to the threshold for the uptake of a much
smaller species, Tl+ (1–2 kV/cm [6]). Thus, we conclude thatmembrane
pores opened by 60- and 600-ns pulses near the threshold for cell
permeabilization to Tl+ and Ca2+ already have the ability to admit Pr,
albeit in modest amounts.Fig. 4. Time dynamics of YO-PRO-1 (left panel) and propidiumuptake by CHO cells exposed to d
legends (“0p” is sham exposure). The exposures started at 28 s into the experiment (dashed line
group from 4 to 8 independent experiments.3.2. Calibrations of Pr and YP ﬂuorescence versus dye concentrations
Intracellular Pr and YP ﬂuorescence is primarily associatedwith dye-
DNA complexes, but these dyes can also bind to cytoplasmic RNA,which
increases their ﬂuorescence to a smaller extent [17]. One cannot excludeifferent numbers of nsEP (60 ns, 13.2 kV/cm, 10Hz). The number of pulses is shown in the
), after acquiring 3 pre-exposure images as a background.Mean± SE, 25–35 cells per each
A B
C D
Fig. 5. The effect of pulse number on theuptake of YO-PRO-1 and propidium (Pr) at 22 s (A, C) and 192 s (B, D) after nsEP exposure. The exposure conditions and the data are the same as in
Fig. 4. The dashed lines are the best ﬁts with linear function. In A and B, the Pr data could not be ﬁtted with a single line. C, D: The same data as in A and B after applying the calibration
factors from Fig. 3. Themolecular uptake of both dyes increases linearlywith the number of pulses. Note separate vertical scales for YO-PRO-1 and Pr; the scales are different by a factor of
7.5, which corresponds to the difference in the bath concentrations of the dyes. See text for further details.
Fig. 6. The molecular uptake of YO-PRO-1 and propidium (Pr) normalized to the number of pulses. The graphs use the data from Fig. 5C, D to show that each nsEP in trains of 5 or more
pulses allows for the entry of a constant number ofmolecules of each of the dyes. Dashed lines are the best-ﬁt linear functions (disregarding the data for fewer than 5 pulses). Shaded areas
are the 95% conﬁdence intervals.
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Fig. 7.Gradual increase of YO-PRO-1 and propidium emission in nanoporated cells is determined by long-lasting transmembrane inﬂux of the dyes. Cellswere exposed to 50 pulses (60 ns,
21 kV/cm, 5 Hz) starting at 28 s into the experiment (vertical dashed lines). YP and Prwere both present in themedium either throughout the experiment (a), or only in the beginning of
the experiment (b), or only in the end of it (c). Themediumwith thedyeswas replaced by the onewithout dyes (b) or vice versa (c) by a 30-s superfusion at 8ml/min (68 to 98 s, shownby
shaded rectangles). Mean ± SE, 13 to 30 cells per group (error bars are shown in one direction for clarity). The emission gain in (c) proves that cell membrane remains permeable to the
dyes long after nsEP exposure. Cessation of the growth of emission after the removal of dyes in (b) shows that this growth resulted from the continued dye inﬂux through themembrane.
Note that dye calibrations (Fig. 3) are not applicable to data in this ﬁgure.
963A.G. Pakhomov et al. / Biochimica et Biophysica Acta 1848 (2015) 958–966also that some other intracellular compoundsmay bind these dyeswith
unpredictable impact on their emission. A dense homogenate of cells
provides what is probably the closest practical approximation of the
milieu encountered by the dye molecules upon entering into cells and
therefore was used for calibration.
A total of about 108 CHO cells in 1.5 mlwere disrupted by sonication
on ice with a Misonix 4000 ultrasonic processor (Misonix, Farmingdale,
NY). The DNA density in the cell-free homogenate was 3 mg/ml as
measured by absorbance at 260nmwith aNanoVue Spectrophotometer
(GE Healthcare Bio-Sciences, Pittsburgh, PA). Aliquots of the homoge-
nate were equally diluted with buffer containing mixtures of the iodide
salts of Pr and YP at a constant molar ratio of 7.5:1 (the same ratio that
was used in experiments with cells). Concentrations of Pr and YP in the
homogenate ranged from 0 to 15 and from 0 to 2 μM, respectively, and
theDNA content in the sampleswith dyes ranged from0.6 to 2.4mg/ml.
After carefulmixing, a 40-μl drop of the homogenatewas placed on a
coverslip and imaged with the FV 1000 microscope using precisely
the same settings that were used for cell imaging. The focal plane
was chosen at approximately the center of the drop, and images
were acquired promptly to avoid evaporation and sedimentation of
cell debris. The average values of ﬂuorescence over the image were
determined by MetaMorph and plotted against the dye concentrations
(Fig. 3).
The emission of Pr increased linearly, except for the concentration
range under 4 μMwhere the emission gain was disproportionally low.
This “lag” could be a result of Pr scavenging without increasing its
emission, perhaps by unknown cellular constituents present in the
homogenate in small quantities. This lag is not likely to result from a
non-linearity of the detector, since similar measurements with YP
showed a strictly linear dependence.
The responses of the dyes also showed different dependence on
the concentration of the homogenate. Pr ﬂuorescence was the same
regardless of the homogenate dilution (from 2.4 to 0.6 mg/ml DNA),
which proves that even at 0.6 mg/ml there was no shortage of DNA
binding sites for up to at least 15 μM of Pr; further increase in DNA
content had no effect. In contrast, the emission of YP fell in less
concentrated homogenates when using high concentrations of the dye
(note that the Pr concentration increased concurrently). The quenching
of YP by Pr was observed previously [38]. YP quenching by Förster
resonance energy transfer (FRET) might be expected, because theemission of YP is in the excitation range for Pr, and both dyes are likely
to be located closely together on DNA or RNA.
The linear range of YP emission (0–0.25 μM YP in the lysate with
2.4 mg/ml DNA; Fig. 3) was taken as the region in which the dye
response is unaffected by quenching. The potential inaccuracy in the
measured dye concentration introduced by quenching was under 10%
at 4–5 μM of Pr and under 20% at 7–8 μM of Pr. Considering that the
maximum Pr emission observed in experiments with cells (Section 3.3
and Fig. 4) corresponded to a Pr concentration of about 5 μM, the max-
imum inaccuracy of calibration of YP due to quenchingwas estimated at
under 10%. In actuality, the DNA concentration in live cells is higher than
even in the densest homogenate, which minimizes the possible impact
of quenching on the dye uptake measurements in live cells.
In summary, the best ﬁts, shown by the solid lines in Fig. 3, were
used as calibrations of Pr and YP emissions against their concentrations.
For Pr, the dependence followed a power function at lower concentra-
tions and a linear function at higher concentrations. For YP, the depen-
dence was linear throughout the studied range.
3.3. Pr and YP inﬂux as a function of nsEP number and time after the
treatment
To avoid possible cumulative and delayed effects from sequential
nsEP treatments, cells were exposed only once (60 ns, 13.2 kV/cm,
10 Hz; from 0 to 100 pulses, where 0 pulses was a sham exposed
control). Dye inﬂux was monitored by taking images every 10 s for
about 3 min after the exposure.
As shown in Fig. 4, dye inﬂux was fastest immediately after the
exposure and gradually slowed down. Quantitative comparisons of YP
and Pr inﬂuxes were performed for two representative time points,
early and late after the exposure (22 s and 192 s, Fig. 5A, B). While the
emission of YP increased linearly with increasing the pulse number,
the emission of Pr could not be ﬁt with a single linear function. Instead,
we observed a slower emission gain at the lowest pulse numbers, and a
faster gain for exposures to 40–100 pulses. However, applying the
calibration factors from Fig. 3 corrected the Pr uptake curves into a
clearly linear dependence (Fig. 5C, D).
In these two panels, the inﬂuxes of Pr and YP are plotted on different
vertical scales. In absolute numbers, the inﬂux of Pr was always higher
than YP, but a fair comparison must take into account the 7.5 times
Fig. 8. Lower ratio of propidium/Yo-PRO-1emissions innanoporated cells compared to the
cell lysate reﬂects the retardation of propidium entry. The “cell lysate” data were obtained
for different concentrations of the dyes in the lysate with 2.4 mg/ml DNA; for all data
points, the Pr concentration was 7.5 times higher than YO-PRO-1. The best ﬁt by a
power function (dashed line) corresponds to the emission ratio under the conditions
when both dyes had equal and unrestricted access to the substrate. The emission ratios
for nanoporated cells at 22 s and 192 s after nsEP and also for different pulse numbers
(from 5 to 100) could also be approximated by a power ﬁt (dotted line). The YO-PRO-1/
Pr emission ratios were calculated from raw data (in a.u.) without correction for the
non-linearity of the Pr response (see Fig. 3). The exposure conditions and the numbers
of experiments are the same as in Figs. 4 and 5. See text for more details.
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axes for YP and Pr were made different by the same factor of 7.5. Since
essentially all dye molecules entering the cell will be bound to the sub-
strate, the dye ﬂux into the cell can be assumed to be linearly propor-
tional to its concentration in the medium. The y-axis for YP in Fig. 5C,
D can then be also used to estimate the Pr uptake if the concentration
of Pr in the medium was the same as YP (1 μM). Likewise, the y-axis
for Pr can be applied for both dyes at a concentration of 7.5 μM. Thus, as-
suming equal concentrations in the external medium, YP uptake by
nanoporated cells was about 2-fold faster, regardless of the number of
pulses applied.
This ﬁnding is corroborated in Fig. 6, which assumes a 1 μM concen-
tration in the medium for both dyes. The dye uptake per pulse is
constant throughout the studied range, possibly with the exception of
1- and 2-pulse exposures (which are discussed below). For example,
each pulse in a 10-pulse train was just as efﬁcient as each pulse in a 100-
pulse train. YP traveled through the electropermeabilized membrane
about two times faster than Pr, irrespective of the pulse number.
As an alternative explanation, onemight argue thatmost of the dye up-
take happened promptly during nsEP treatments, and the gradual increase
of emission afterwards reﬂected just the process of dye diffusion in the cy-
toplasm and binding to nucleic acids. This hypothesis was tested and
disproved by demonstrating the continual transmembrane dye trafﬁc
long after nsEP exposure, as well as the cessation of emission gain once
the dye was removed from the extracellular medium (Fig. 7).
In these experiments, the dyes were present in the medium all the
time; or they were present until 40–70 s post-exposure and then
washed away; or they were absent initially and made available with
the same 40–70 s delay post-exposure. The removal and addition of
dyes were accomplished by replacing the bath solution (ﬂow by gravity
at 8 ml/min for 30 s, with the bath volume being about 0.5 ml). No gain
in ﬂuorescence was observed when there was no dye in the medium,
i.e., in the absence of transmembrane dye trafﬁc. These data are consis-
tent with our earlier reports of minutes-long transport through nsEP-
opened membrane pores [6,14]. Indeed, cytoplasmic diffusion of the
dyes and binding to nucleic acids occurs on the scale of seconds or faster
(e.g., see the application of digitonin in Fig. 1A), and it was truly their
permeability through the membrane that limited the rates of uptake.
Speciﬁcally, for nsEP trains from 5 to 100 pulses and assuming 1 μM
concentrations of both dyes in the medium, each pulse increased the
intracellular concentrations of YP and Pr, respectively, by 3.7 ± 0.15
and 1.9 ± 0.1 molecules/μm3 at 22 s after nsEP (ratio: 1.93) and by
7.5 ± 0.34 and 3.76 ± 0.16 molecules/μm3 at 192 s (ratio: 1.99).
These ratios were slightly higher than the ratio of the best-ﬁt slopes in
Fig. 5C, D, which equaled 1.75 for both time points; this difference
resulted from a greater weight of the data for low pulse numbers after
normalization (Fig. 6).
If Pr and YP enter into the cells through long-lived nanopores
opened by nsEP, the difference in their entry can be reasonably attribut-
ed to the pore size (see Discussion for a more formal analysis). The Pr
molecule, which is larger than YP, will be more restricted by the pore
size. A reduction in the pore size will increase the difference in the
permeability, until the entry of Pr is fully blocked. Conversely, an
increase in pore sizewill reduce the difference (unless pores are already
too large to restrict the entry). The experimentally measured constant
ratio of YP and Pr uptake indicates that the pore size was not affected
by either the time after the exposure or the nsEP number. Instead,
increasing the number of pulses increased the number of pores by a
certain constant value per each applied pulse, without changing the
pore size. Likewise, the gradual decline of dye uptake rate with time
after nsEP (Fig. 4) was likely a result of resealing of a fraction of pores
rather than of gradual shrinking of individual pores.
For 1- and 2- pulse exposures, the inﬂux of YP per pulse was higher
than for 5 pulses and more (Fig. 6). Consequently, the ratio of Pr/YP
inﬂuxes normalized to the number of pulses increased to 2.5–3, possibly
indicating a smaller average pore size than with 5- to 100-pulse trains.However, this result should be taken with caution because of high
data variability and low accuracy of measurements made too close to
the detection threshold. Similarly, a drop in Pr uptake with 2 pulses at
22 s after nsEP was likely an artifact from measuring a very weak Pr
signal. The question whether a single nsEP applied to a yet untreated
cell is more efﬁcient at creation of YP-permeable pores than the same
nsEP within a multi-pulse train requires further investigation.
3.4. Further evidence for the greater obstruction of Pr uptake by the
electroporated membrane
An independent proof that the nsEP-treated cell membrane limits Pr
entry more than YP entry comes from the comparison of staining of
electroporated cells with staining of the cell homogenate (Fig. 8). The
homogenate (2.5 mg/ml DNA) was stained with mixtures of Pr and YP
at a constant molar ratio of 7.5. The respective dye concentrations
(from 0 to 6 μM of Pr and from 0 to 0.8 μM of YP) were low enough to
avoid YP quenching by FRET (see Fig. 3 and Section 3.2). With the
increase in the concentration of the dyes and the consequent increase
in the Pr emission, the ratio of emissions (Pr/YP, both in a. u.) increased,
as approximated by the dashed line in Fig. 8. This increase is explained
by the non-linear “lag” of Pr ﬂuorescence at low concentrations
(Fig. 3). In the homogenate, the Pr/YP emission ratio was determined
solely by the dye concentrations, as there was no barrier between the
dyes and the nucleic acids. In otherwords, the dashed line (homogenate
data) reﬂects the ﬂuorescence ratios of the dyes when there is unob-
structed access to the substrate. A greater obstruction of the access to
the substrate for one of the dyes will shift the Pr/YP emission ratio
from the dashed line, either to the left (higher Pr entry) or to the right
(higher YP entry).
The emission ratios in cells treated with 5- to 100-nsEP were
uniformly shifted to the right, both at 22 and 192 s after nsEP (a dotted
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exception of 1- and 2-pulse exposures (which were omitted from the
graph due to high data variability), the emission ratio PI/YP in cells
was 1.5–1.6 times lower than in the homogenate. Thus, the data in
Fig. 8 conﬁrm that the electroporated cell membrane posed a greater
barrier to Pr than to YP. The approach employed to generate Fig. 8
shows that the relative permeability of different dyes can be evaluated
even without calibrating the concentration-emission dependence.
4. Discussion
The thresholds for reliable detection of YP and Pr uptake in our
experimental conditions were, respectively, about 20 and 200
molecules/μm3. For a fairly large CHO cell (~2 × 104 μm3) and assuming,
for simplicity, a uniform Pr distribution, this Pr concentration translates
into 4 × 105 Pr molecules per cell. Thus, the sensitivity achieved with
our setupwas about two orders ofmagnitude higher than reported pre-
viously by Kennedy et al. [9], who measured 5 × 107 Pr molecules per
cell by a traditional wideﬁeld microscopy and using a CCD camera
(cooled by 15 °C). Increasing the PMT voltage along with a slower
image acquisition and noise ﬁltering (Fig. 2, bottom) will likely boost
the detection limits by additional 1–2 orders of magnitude.
While we conﬁrmed Pr entry even at nsEP intensities close to the
permeabilization threshold, it comes as no surprise that this small effect
was overlooked by many earlier nsEP studies. The non-linear “lag” in
the concentration-emission dependence for Pr (Fig. 3, left panel) further
hinders the ability to detect low amounts of intracellular Pr. Our analysis
suggests that it was probably not only the size difference between YP
and Pr molecules but also the difference in their ﬂuorescence response
at low intracellular concentrations that led to the conclusion that Pr
does not enter nanoporated cells.
Pore diameter can be extracted from the permeability ratio of two
permeant solute species using excluded volume theory [43,44], as
shown by the following relationship:
Px
Py
¼
dpore−δx
 2
dpore−δy
 2
where Px and Py and δx and δy are the permeabilities and cross-sectional
dimensions of two solute species, and dpore is the diameter of the pore.
To a ﬁrst approximation for ions as large as Pr and YP, the geometric
mean of the three sides of the smallest rectangular solid that holds
a space-ﬁlling model of the ion can be substituted for δ [43–47].
Using δx = 1.19 nm for YP and δy = 1.26 nm for Pr (extracted with
Corina, Molecular Networks GmBH, Erlangen, https://www.molecular-
networks.com/products/corina) and the permeability ratio reported
here, Px/Py = 2, and assuming no signiﬁcant interaction between Pr or
YP and the walls of the nanopores, dpore is 1.4 nm. Note that because
of the assumptions made, this is an estimate of the minimum pore
size that is consistent with the observed permeabilities for Pr and YP.
This value is close to but slightly larger than what we expect from
observations of pulse-induced osmotic swelling [4,48] and from the
predictions of molecular and mathematical models [49,50], which
indicate that high-intensity nanosecond pulses produce pores with
diameters around 1 nm.
Itmay be that this small discrepancy falls within themargins of error
introduced by the assumptions inherent in our analyses of osmotic
swelling and dye inﬂux data, in our application of excluded area theory
to the present permeability observations, and in molecular simulations
of electroporation. On the other hand, the larger pore diameter calculat-
ed from the relative permeabilities of Pr and YP is consistent with the
presence of some 1.4 nm diameter pores in the population of pores
produced by the 60 ns pulse exposures described here. However, to be
consistent with osmotic swelling experiments and molecular models,
the percentage of these larger pores in the 60 ns pulse-induced porepopulationmust be relatively small since they have no signiﬁcant effect
on colloid osmotic balance [4]. Another interpretation would entail an
upward adjustment of the pore-blocking dimensions of the solutes
used in [4,48].
Two recent analyses based on numerical models of molecular
transport into nanoporated cells reached highly contradictory conclu-
sions. In one study [51], the authors found that nsEP-created pores
“begin to shrink immediately after the pulse ceases, and the majority
of them vanish between 180 and 200 ns”; they concluded that the
electrophoresis during the pulse plays a dominant role in Pr uptake.
However, a different model predicted that “essentially all transmem-
brane molecular transport occurs post-pulse” [52], which is fully
consistentwith our experimental data.We found earlier that Tl+ uptake
by nanoporated cells continues for minutes post-pulse [6,14], tracking
the recovery of the membrane resistance [28]. Now this observation
has been extended to the transport of larger molecules (YP and Pr),
which also occurs largely if not exclusively post-pulse (Fig. 7).
Molecular dynamics models of electropores in simple phospholipid
membranes [50] have dimensions that are consistent with the nsEP
pore populations described here. The lifetime of these simulated
pores, however, is less than 1 μs [53,54], which cannot be reconciled
with experimental data at this time. This discrepancy between the
properties of lipid pores in model phospholipid bilayers and the long
pore lifetimes observed in experiments with living cells remains to be
resolved. The most likely explanation is that the electropores formed
in homogenous lipid bilayers are not the structures responsible for
long-term cell membrane permeabilization. Hypothetical long-lived
permeabilizing structures include lipid electropores that are prevented
from closing by constraining associations with other membrane
constituents (membrane or cytoskeletal proteins, for example) and
leaky regions of the membrane caused by peroxidation or electrome-
chanically induced mixing. Investigation of these possibilities and
others promises to lead to not only a better understanding of electropo-
ration but also to a deeper knowledge of the biophysics of stressed
membranes.
Membrane pores produced by nsEP are expected to form and to
grow in diameter while the voltage is on, and to collapse to about
1 nm diameter shortly after the pulse [55]. It is not known whether
the next pulse in a train can contribute to pore enlargement. Our data
show that either this multiple-pulse enlargement does not happen, or
it is too short-lived to affect the uptake of dyes. The constant value of
dye uptake per pulse for each dye (Fig. 6) suggests that each pulse in
the train opens a certain number of pores of a certain diameter range
and distribution and that neither the number nor the diameter of
the pores depend on the sequential number of the nsEP in the train
(possibly with the exception of the 1 and 2 pulse exposures). This
conclusion is somewhat unexpected; for conventional electroporation
with long (μs and ms) pulses, the membrane of already permeabilized
cells is not charged as efﬁciently as in intact cells, making them less
susceptive to “additional” electroporation. Our results suggest that
electroporation by 60-ns pulses is different and onlymodestly dependent
or independent on the presence of pores formed by the preceding pulses.
As a ﬁnal note, the conclusion that the number of pores and not their
size is affected by the number of pulses is consistent with other
experimental and theoretical studies, but we do not exclude more
complex scenarios and different interpretations of the data. We noted
earlier that the Pr-permeable pores are probably just a minor fraction
of the total pore population created by nsEP [4]; our present data do
not permit any deﬁnitive statement about the existence or the number
of smaller pores, which are fully impermeable to both YP and Pr. One
can also argue that the permeability ratio is a function of probability of
a brief and stochastic enlargement of small pores to the diameter
permeable to YP or Pr rather than a reﬂection of a ﬁxed diameter of
these pores. Alternatively, the Pr- and YP-permeable pores are not
necessarily the ﬁxed structures that were once created by nsEP and
which then exist for many minutes; instead, they may stochastically
966 A.G. Pakhomov et al. / Biochimica et Biophysica Acta 1848 (2015) 958–966appear and disappear in the cell membrane that was modiﬁed by nsEP.
While we cannot consider all possible scenarios here, we can postulate
that at the functional level (transport of YP, Pr, or similar solutes) they
should all be equivalent to an increase in pore numberwithout a change
in pore size.Acknowledg ments
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